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Abstract 
Large hydrocarbons, such as n-heptane and iso-octane, are always the main fuels of fire experiments. The detailed mechanisms of these 
large hydrocarbons provide a powerful tool for the numerical simulation to study complex turbulent reacting flows. But it is necessary to 
reduce the mechanisms because of the huge computational cost for detailed mechanisms. The directed relation graphs (DRG) and DRG 
with error propagation (DRGEP) methods are almost the most efficient models to reduce detailed mechanisms. The differences between 
these two methods have been analyzed in this paper. The results show that the numbers of species in the skeletal mechanisms obtained by 
DRG have a significant drop when the threshold limits are between 10-4 and 10-2, both for n-heptane and iso-octane. Main products are 
essential to be included in the target species when the DRGEP method is used, while the main reactants are enough as the target species 
for the DRG method. Validation of the skeletal mechanisms shows good accuracy for both DRG and DRGEP methods over wide 
parameter ranges when the species numbers of the skeletal mechanisms are more than 87. The results also indicate that the skeletal 
mechanisms obtained by DRG method have a smaller ratio of reactions numbers to species numbers, and the skeletal mechanisms 
obtained by the DRG method have a better performance than that of DRGEP when the species numbers of the mechanisms are of the 
same scale.  
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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1. Introduction  
Numerical simulations play more and more important role in the fire research because of less cost and the development 
of computational fluid dynamics (CFD). As the computing power and methods for CFD progress, complex problems such 
as the simulation of turbulent reacting flows become tractable. In some cases, especially when the scenes are hard to 
construct, the numerical simulation becomes the main approach.  
Using the CFD tools, simulation results offer helpful references and deep understandings of the fire development. Indeed, 
many numerical results agree well with the experiment data and have been successfully applied in building fire safety 
design. However, predictions with one-step mechanism or two-step mechanism are shown to be incorrect under some 
conditions, particularly for extinction and ignition [1].  
Large hydrocarbons, such as n-heptane and iso-octane, are the main fuels in many fire experiments, so the suitable 
reaction mechanisms are important for these fuels. Several reaction mechanisms for n-heptane and iso-octane have been 
developed over the past twenty years [2–5] due to the requirement of the quantitative simulation of combustion processes in 
engines and pollution emissions from oil-burners. In particular, these detailed mechanisms have been extensively proven for 
low-temperature ignition and stirred reactors. However, these mechanisms always consist of hundreds or thousands species 
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and reactions, which will induce enormous computation and make the 2-D, 3-D simulations impossible. Consequently, 
reduced mechanisms for large hydrocarbons with various levels of applicability and accuracy have been developed [6–8]. 
However it will be favorable to develop an adaptive reduced mechanism by the users themselves.  
Basically, reduction method can be classified into two types: skeletal mechanism reduction by species removing and 
dimension-reduction through time scale decomposition. Dimension-reduction methods include rate-controlled constrained 
equilibrium (RCCE) [9], intrinsic low dimensional manifolds (ILDMs) [10, 11], the computational singular perturbation 
(CSP) [12, 13], the invariant constrained equilibrium edge pre-image curve (ICE-PIC) method [14], and some variants of 
the above methods. Most of those methods are derived from complex mathematical analysis and always coupled with flow 
problem which make it hard for normal users to apply. A skeletal mechanism is derived through elimination of the 
unimportant species and reactions which are determined by particular analysis. There are several methods for skeletal 
reduction: sensitivity analysis [15], principal component analysis [16], optimization [17], detailed reduction [18], direct 
relation graph (DRG) [6, 7, 8, 19], DRG with error propagation (DRGEP) [20] etc. These analysis methods are more 
intuitive and easier to use. The DRG and its variant, DRGEP, are almost the most effective methods among these methods. 
This is because the DRG and DRGEP not only use straightforward and effective treatment strategy but also need less 
computation cost. 
Although the DRG and DRGEP are developed by the similar principle, they also have different characteristics due to the 
detailed accounting rules. It is interesting and instructive to point out the differences between them. In the present study, 
different kind of skeletal mechanisms have been generated by applying DRG and DRGEP methods. Then we will compare 
the skeletal mechanisms from the applications and validations of the two methods. 
2. Methodology 
2.1. DRG and DRGEP models 
The reaction mechanisms of large hydrocarbons are very complex and hard to recognize the unimportant species and 
reactions directly. The common method of skeletal mechanism reduction is sensitivity analysis. Reactions or species with 
sensitivity smaller than certain particular value can be considered unimportant and hence deleted. The DRG and DRGEP 
methods provide a more intuitive and effective way to determine the unimportant species. Basically, the importance of a 
species is determined by the influence of elimination of this species to the key species, e.g., the reactants, the products or 
some special species that the user concerned.  
Figure 1 shows the typical relations between the species in DRG and DRGEP. Each node in the graph represents a 
species in the detailed mechanism, but the definitions of edge in DRG and DRGEP are different. In DRG there exists an 
edge from vertex A to vertex B if and only if the removal of species B would induce significant error to the production rate 
of species A, and the threshold limit is a constant value which can control the scale of the skeletal mechanism. So, an edge 
from A to B means that B is important to correctly evaluate the production rate of A. In DRG, the quantitative direct 
influence coefficient of species B to the production rate of species A (DIC), RAB, is defined as: 
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where the subscripts i denotes the ith elementary reaction, I is the total number of the elementary reaction, ,A iv  is the 
stoichiometric coefficient of species A in reaction i, iω  is the production rate, Biδ  here is 1 if the ith elementary reaction 
includes the species B and is 0 otherwise. After mapping the reaction system, a deep search starting from the target species 
will be implemented to find all the remained species in the graph. 
In DRGEP, there will be an edge from A to B if species B can influence the production of species A no matter the 
influence is strong or weak. The definition of the DIC of species B to the species A is improved by Pepiot-Desjardins and 
Pitsch [20], which is defined as: 
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After building the network, a depth first search is performed starting at the target species to find the dependency paths for 
all the other species relative to the targets. A path-dependent interaction coefficient (PIC) which represents the error 
propagation is defined as the product of intermediate DICs between the target species A and species B down a certain path 
in the graph: 
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where n is the number of species between A and B in pathway p and S is the location number of the intermediate species 
starting at species A and ending at species B. Finally, the overall interaction coefficient (OIC) of species B to species A is 
defined as the maximum of all PICs: 
,max( ).AB AB pRE re=                                                                         (6) 
If the OIC of species B is smaller than the threshold limit, the species B will be removed from the detailed mechanism.  
We can see that although the DRG and DRGEP have the similar algorithms, but the reduction results sometimes are 
clearly different. For example, there is a dash line between the species D and H in Fig. 1. The line means that the removal of 
species H would influence the production rate of species D, and the DIC is smaller than the threshold limit in DRG. The 
edge will not appear in the DRG, but the edge is still available in the DRGEP. If the DIC of D to A is large enough and the 
DIC of H to D is so small that it is hard to include the edge in DRG method, the species H will be considered necessary by 
DRGEP but unimportant by DRG. Thus, it is interesting and necessary to consider the difference between the two methods 
due to the selective threshold limit and target species.  
 
A
B
C
D
E
F
I
G
H
 
Fig. 1. A typical direct relation graph showing typical relations of the species. 
2.2. Detailed mechanisms and SEKIN program 
In the present paper, the detailed n-heptane mechanism consists of 561 species and 2539 reactions [21]. The detailed iso-
octane mechanism developed by Curran et al. is used in this paper. The mechanism has 857 species and 3606 reactions, and 
can be downloaded from [22].  
To analyze the differences between the DRG and DRGEP methods, the targets, error limits, temperature, equivalence 
ratio, and analysis point are sampled from the autoignition model using the SENKIN program [23]. The fuels in the 
calculations are n-heptane and iso-octane and air is the oxidizer all the time.  
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3. Results and Discussion 
3.1. Threshold limits and target species  
 
Fig. 2. Number of species as a function of threshold limit for skeletal mechanisms for n-heptane and iso-octane generated using DRG and DRGEP with 
different conditions. 
Figure 2 shows the relationship of the threshold limits and the remained species numbers of the skeletal mechanisms 
obtained by the DRG and DRGEP under different conditions. DRG-9 means that the target species used in the DRG method 
is 9. And it is the same meaning for the DRGEP-9. Other number suffixes are the similar meanings. The target species can 
be divided into three categories: reactants, main products and active radicals. Table 1 and Table 2 list the detailed target 
species for the n-heptane and iso-octane. The ‘local’ suffix means that the analysis was done at only one temperature point 
(1200 °C). Correspondingly, the others results were analyzed at multi-point (1200 °C, 1500 °C, 1800 °C). The suffixes 0.7 
and 1.2 mean that the equivalence ratios of the calculations are 0.7 and 1.2. 
Table 1. The target species for n-heptane detailed mechanism reduction 
9 targets NC7H16 O2 N2 CO2 CO H2O OH H O 
6 targets NC7H16 O2 N2 CO2 CO H2O 
3 targets NC7H16 O2 N2 
 
Table 2. The target species for iso-octane detailed mechanism reduction 
9 targets IC8H18 O2 N2 CO2 CO H2O OH H O 
6 targets IC8H18 O2 N2 CO2 CO H2O 
3 targets IC8H18 O2 N2 
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It is shown that, the threshold limit of DRGEP is much smaller than that of DRG when the numbers of species in the 
skeletal mechanism are about the same. This is because the threshold limit of DRGEP is a product of intermediate DICs. 
The numbers of species in the skeletal mechanisms obtained by DRG decrease sharply when the threshold limits are 
between 10-4 and 10-2, both for the n-heptane and iso-octane. The numbers of species by DRGEP decrease much more 
smoothly. This indicates that the direct relationships between the species are very different in the two methods.  
The important difference that can be concluded from the Fig. 2 is that the numbers of species of the skeletal mechanisms 
obtained by the DRG are less influenced by the target species and equivalence ratios. The numbers of species of the skeletal 
mechanisms obtained by the DRGEP method with 9 target species and 6 targets species are quite different from those with 3 
target species. Because the skeletal mechanism is an efficient and organic system to represent the detailed mechanism and 
the species are strongly coupled, the skeletal mechanisms that have the same species number always include the same 
species. The 9 target species in the DRGEP-9 are the main reactants, resultants and reactive radicals. We can believe that 
the skeletal mechanisms obtained by DRGEP-9 haven’t lost important information of the detailed mechanism what also can 
be proved by the subsequent calculations. The 3 target species in the DRGEP-3 are the reactants. Does the skeletal 
mechanism obtained by DRGEP-3 also include the core essential information of the detailed mechanism? The answer is no.  
A number of generic cases including quasi-steady-state, partial equilibrium problems have been analyzed using DRGEP 
by Pepiot-Desjardins and Pitsch [20]. Here an interesting example will be showed which is a necessary complement to the 
DRGEP theoretical analysis and can prove that it is very essential to include the main products in the target species of the 
DRGEP method. 
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There is a sub reaction mechanism showed in equations (7). If the concentrations of F, R1, R2 and R3 are about the same 
level, then the rates of the reactions are: 
1 2 3ω ω ω≈ ≈                                                                                  (8) 
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Then the direct interaction coefficients defined by Eq. (2) are: 
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If species F is the target, the corresponding DRGEP coefficients are obtained straightforwardly: 
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In this case, the species R1, R2, R3 are considered to be important, and the species P unimportant. However, the species 
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P is obviously the main product. The above is an idea model, but sometimes important products, such as CO2, will be 
removed by the DRGEP method if the target species only include reactants. Thus, the main products are essential to be 
included in the target species when the DRGEP method is used.  
The results of DRG-local and DRGEP-local show that the skeletal mechanisms obtained from single point analysis are 
not good enough, especially for the DRGEP method. The results of DRG-6 are almost the same with DRG-9, and it is 
similar for the DRGEP method. This tells us that the active radicals are not necessary to be included in the target species.  
In conclusion, the target species with the main fuel species are enough for the DRG method, but the main products are 
necessary to be included for the DRGEP method. 
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Fig. 3. Dependence of the number of reactions on the number of species of the skeletal mechanisms obtained using DRG and DRGEP of n-heptane/air 
mixture autoignition. 
3.2. The ratio of reactions number to species number 
It is hard to compare the species of the skeletal mechanisms one by one. But the relationship between the number of the 
reactions and the number of the species of skeletal mechanisms can give us a valuable analysis perspective. 
Fig.3 shows the growing trend of the reaction numbers with the numbers of species. We can see that the average reaction 
number of one species of DRGEP is more than that of DRG when the species number of the skeletal mechanism is over 200. 
This also proves that the DRG method mainly keeps the strongly coupled species, which makes the ratio of the reaction 
number to species number smaller than that of DRGEP.  
3.3. Validation  
The autoignition delay time, , is the time for which a homogeneous gas mixture must be maintained at temperature, T, 
and pressure, p, before its autoignition. Because of its importance, it is always used to validate the reduced mechanisms. The 
autoignition delay times under different temperatures were calculated with detailed mechanism and skeletal mechanisms 
obtained by the DRG and DRGEP method in the present work. The pressure is one atmosphere, and the ratio of the mixture 
is 1.0. The relative error of the calculated autoignition delay time is defined as: 
detailed skeletal
err
detailed
r
τ τ
τ
−
=
                                                                             (12)  
where detailed is the autoignition delay time obtained by using the detailed mechanism, and skeletal is the autoignition delay 
time using the skeletal mechanism obtained by the DRG or DRGEP method. Fig. 4 shows the relative errors of the skeletal 
mechanisms, and the species numbers of the mechanisms are behind the underline. It shows that the relative errors of the 
mechanisms with more than 87 species are no more than 20% for the mechanisms obtained by the DRG method or the 
DRGEP method. However, the relative errors are larger when the number of the mechanism is less than 70. The results also 
indicate that the skeletal mechanisms both perform poorly at low temperatures, especially when the species number of the 
mechanism is small. This suggests that the low temperature mechanism of the fuel is complicated and need a number of 
species to describe accurately. The results also show that the skeletal mechanisms obtained by the DRG method have a 
better performance than that by DRGEP when the species numbers are of the same scale.  
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4. Conclusions 
The differences between direct relation graph and error-propagation-based reduction methods for large hydrocarbons 
have been analyzed in this paper. The two methods are both simple and efficient for the skeletal mechanisms reduction. It is 
a very significant task to have a thorough research on the differences of these two methods for application. The results show 
that the numbers of species in the skeletal mechanisms obtained by DRG have a significant drop when the threshold limits 
are between 10-4 and 10-2, both for the n-heptane and iso-octane, while that of DRG are smoother. Main products are 
essential to be included in the target species when the DRGEP method is used, while the DRG method is more robust for 
species target. Validation of the skeletal mechanisms shows good accuracy for both DRG and DRGEP methods over 
wide parameter ranges when the species numbers of the skeletal mechanisms are more than 87. The results also 
indicate that the skeletal mechanisms obtained by DRG method have a smaller ratio of reactions numbers to species 
numbers, and the skeletal mechanisms obtained by the DRG method have a better performance than that of DRGEP when 
the species numbers of the mechanisms are of the same scale.  
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Fig. 4. The relative errors of the calculated autoignition delay time of the n-heptane/air mixture using different skeletal mechanisms obtained by DRG and 
DRGEP.  
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